INTRODUCTION
Human globin messenger RNA (mRNA)l has been translated in a variety of cell-free systems (e.g., 1, 2) . In all these systems, globin synthesis is linear for only a few hours, at most. It is not, therefore, possible to study the translational stability of exogenous mRNA over a period of days using cell-free systems. The oocytes of the African frog Xenopus laevis are capable of translating exogenous, injected mRNAs with high efficiency and for several days (3) . A variety of heterologous mRNAs have been translated in the frog oocytes including rabbit (4, 5) and mouse globin mRNA (6) (7) (8) , human proinsulin mRNA (9) , immunoglobulin mRNA (10) , and ovalbumin mRNA (11) .
Human globin mRNA molecules contain varying lengths of poly-(A)-rich sequences at the 3'-OH terminus and can be fractionated on the basis of their poly-(A) content (12) . The function of the poly-(A) sequences in mRNA is not known. There is evidence that the poly-(A) segment undergoes progressive shortening with time and the hypothesis has been advanced that the poly-(A) is involved in determining the stability of the mRNA in the cell (13) (14) (15) . Huez et al. (16) and Nudel et al. (17) have prepared deadenylated rabbit globin mRNA by limited phosphorolysis usingEscherichia coli polynucleotide phosphorylase. When this enzymatically deadenylated mRNA was injected into X. laevis oocytes, it was found that the stability of the mRNA was dependent upon the length of the poly-(A) segment remaining after enzymatic treatment. In this paper we have used the frog oocyte to study the functional stability of human globin mRNA by measuring the products of translation of the injected mRNA at various times after injection. We have demonstrated that human a-and ,&-globin mRNA can be translated faithfully in the frog oocyte, and that the addition of hemin greatly increases the rate of globin mRNA translation. The translational stability ofglobin mRNA containing the longest poly-(A) sequences is greater than that of globin mRNA containing shorter poly-(A) sequences. In addition, our results indicate that ,-globin mRNA is more stable than a-globin mRNA (Table III) .
MIETHODS
Preparation of human globin mRNA. Human reticulocyte RNA was prepared separately from blood obtainied from three patients with sickle cell anemia collected in acidcitrate-dextrose buffer. The peripheral blood of these patients contained more than 90% hemoglobin S. The cells were washed with 0.9% NaCl and the buffy coat was removed. The procedures for RNA extraction and fractionation by centrifugation through two successive sucrose densitv gradients have been previously described (12 (5) or mixed with more carrier hemoglobinl to a final concentrationi of 25 mg/ml and used to prepare globin by the acid-acetone method (19) .
Carboxyinethyl cellulose chroinatography. The oocyte product was analvzed for the presence of humlllan a-and ,os-globin chains by urea-carboxymethyl cellulose (CM-23, Whatman Inc., Clifton, N. J.) column chromatography using a modification of the method of Clegg et al. (20) . An eightchamber gradient of Na2HPO4 was employed, as previously described (2) . The amount of globin synthesized was calculated from the radioactivity which co-chromiatographed with the A280 fls-and a-peaks of the carrier hemoglobin eluted from the carboxymethyl cellulose columni. Since huiman globin a-and l8s-chains contain the sanme number of leucine residues, no correction was necessary when calculating the a/s,s ratio. Recovery from the carboxvmethvl celltulose chromatography was 85-90%.
RESULTS
Fractionatiotn of human globin mRNA by oligo (dT) colu inn chromatography. Purified 6-16S reticulocyte RNA was fractionated by affinity chromatography on oligo (dT)-cellulose (Fig. 1) . The three fractionis obtained, A, B, and C, were used for injection into the oocytes. The poly-(A) content of the preparations used in experiment I (Table III) (12) .
Translation of total globin mRNA (1OS). When X. laevis oocytes are injected with total human reticulocyte lOS RNA, the oocyte product, analyzed by gel filtration on Sephadex G-100, contains radioactive molecules which co-chromatograph with carrier human hemiioglobin (Fig. 2 ). Oocytes injected with only the buffer and hemin do not show any radioactive peak in the carrier hemoglobin region. Fractions corresponding to the carrier hemoglobin peak as well as those eluting between the hemoglobin and the free leucine peaks were pooled. If globin chains, not equilibrated with the carrier hemoglobin, were present, they would be eluted in the latter pool. The The first radioactive peak represents endogenous oocyte proteins, the second peak corresponds to the carrier hemoglobin, and the third peak corresponds to free leucine. Fractions of 1 relative to the total protein synthesis was calculated as follows: Total protein synthesis was measured as the radioactivity of all the Sephadex fractions excluding the free leucine peak. The amounts of globin chains were measured as the radioactivity under the a-and if-peaks in the eluate of the carboxymethyl cellulose column cor-rected for 90% recovery. The ratios of globin chain synthesis to total protein synthesis are presented in Tables I, III, and IV. Effect of hemin on the translation of globin mRNA. When purified lOS RNA is injected into oocytes without hemin, the ratio of globin to total protein synthesis is 0.02 and the a/i, ratio is 0.15-0.17 (Table I ). This is observed after both 2.5 h and 20 h of incubation. Addition of hemin to the injection mixture has two effects: First, there is more globin synthesis relative to total protein synthesis; the ratio of globin/total protein increases from 0.02, in the absence of hemin, Translation and Stability of Human Globin mRNA Table. At the end of the incubation period the oocytes were homogenized and the homogenate was applied to a Sephadex G-100 column. Total protein synthesis was calculated from the Sephadex fractions ( Fig. 2 ) and included the radioactivity of fractions eluting before free leucine. The fractions between the first peak (oocyte proteins) and the last peak (free leucine) were pooled, mixed with carrier hemoglobin, and the globin was analyzed by chromatography on a urea-carboxymethyl cellulose column (Fig. 3) . a-and ,3s-globin chain synthesis was calculated from the radioactivity of the fractions corresponding to the a-and p-peaks of the carrier globin. Columns 5 and 6 show the actual counts per minute under the globin peaks. In the last column globin counts per minute were corrected for 90% recovery.
up to 0.20 in the presence of 1 mM hemin in the injection mixture, and to 0.16 in the presence of 2 mM hemin at 2.5 h (Experiment I, Table I ). After 20 h of incubation, the globin/total protein ratio increases from 0.02 to 0.11 in the presence of 0.5 mM hemin and to 0.23 at 1 mM hemin (Experiment II, Table I ). Second, on addition of hemin, the relative aimount of a-globin The oocytes were then homogenized and the homogenate was either applied on a Sephadex G-100 column (as described in Table I ) or dripped directly in acid-acetone to prepare globin. a-and 83s-globin chains were isolated by carboxymethyl cellulose chromatography.
to that of ,"-is closer to 1. Thus, the a/,8s ratio increases in experiment I from 0.15 in the absence of hemin to 0.73 in the presence of2 mM hemin; in experiment II, it increases from 0.17 without hemin to 0.39 in the presence of 0.5 mM hemin, and to 0.65 in the presence of 1 mM. From these experiments, the optimum concentration of hemin in the injection mixture is about 1 mM.
The effect of hemin on the a/,BS ratio could be due either to a regulatory effect at the translational level which preferentially favors a-mRNA translation or, alternatively, could be due to a post-translational stabilizing effect on the newly synthesized chains, i.e., it is possible that in the absence of hemin a large portion of a-chains precipitate and are lost during the preparation of the homogenate and gel filtration. The purpose of the experiment presented in Table II was to distinguish between these possibilities. The oocytes were injected with mRNA but without hemin and incubated for a relatively short period (150 min). They were then homogenized in the presence of carrier hemoglobin, but instead of going through centrifugation and gel filtration, the homogenate was added directly to cold acid-acetone for globin preparation. Such a treatment resulted in a large increase in the recovery of a-chains relative to ps-chains: the a/,& ratio increased more than threefold from 0.15 when gel filtration preceded globin preparation, to 0.47 when globin was prepared directly from the homogenate. Table II shows also the effect on a/,& ratio of preparing globin directly, without gel filtra tion, from oocytes injected with hemin. The a/cs ratio shows only a 1.15-fold increase, from 0.71 to 0.82.
Thus, it appears that in the absence of hemin, aglobin recovery from Sephadex column is disproportionally low. Because of the hemin effect on total globin synthesis and on a-globin recovery, hemin was used in all further experiments. Translational stability of human globin mRNA. The three fractions of mRNA obtained by chromatography on oligo (dT)-cellulose ( Fig. 1) were tested for translational stability in the oocyte (Table III) . The RNA used in each of the experiments shown was prepared from a different patient. The synthesis of aand f-globin by the injected oocytes were followed for 51.5 h in the first experiment, for 57 h in the second experiment, and for 51 h in the third one. Fraction A was injected into the oocytes at a higher concentration than fractions B and C because, as shown previously for preparations used in experiment I (12), fraction A contained only about 20%o as much globin mRNA compared to fraction C, as assayed by hybridization to complementary DNA. The results of these experiments indicate that fraction C, which contains the greatest amount of polyadenylate segments, is the most stable in the oocyte. The amount of a-globin synthesis for fraction A RNA declined to 5-27% of control levels in the three experiments, while (8- globin synthesis declined to 25-81% of control (Table III) . By contrast, a-globin synthesis by fraction C RNA declined to only 56-96% of control Translation and Stability of Human Globin mRNA (Table III) . The greater decline in the a/ps' in oocytes injected with fraction A as compared with those injected with fraction C RNA couild be due to either the inherent properties of the globin mRNAs or, alternatively, to some interference by nonglobini RNAs present in fraction A on a-globinn mRNA translation. To distinguish between these possibilities, a mixture of fractions A and C was injected at the same concentration as when each was injected alone (Experiment III, Table III ). The a/,8s ratios obtained and the globin/total protein synthesis ratio are those expected for the mixture of fraction A and C RNA and do not indicate any specific effect by nonglobin RNAs in fraction A on a-globin mRNA translation.
The decrease of the a/,ps ratio with incubation time noted in all experiments could be due either to the preferential inactivation of a-mRNA, exhaustion of an oocyte factor required for the efficient translation of a-mRNA, or preferential degradation of newly synthesized a-chaiins. Evidence for the existence of such factors for the trainslation of mouse and rabbit globin mRNA has been presented by Lane et a]. (8) .
If there were exhaustion of an oocvte factor requiired for an-mRNA translation, reinjection of mRNA into the oocytes, at a time when a decrease in the a/flS ratio is evident, should not restore the a/,ps ratio to the initial level. If, however, the decrease in a-globin synthesis is due to loss or inactivation of a-globin mRNA, reinjection of mRNA should restore the a/,ps ratio. Table IV ). These results lend support to the preferential inactivationi of a-mRNA as the reason for the change in the a/p0 ratio withl time.
DISCUSSION
Our results show that the X. laevis oocyte system can faithfully translate injected human 10S globin mRNA and constitutes an efficient system for testing small amounts of human mRNA: in our experience a total of 100 ng of 10S RNA, injected into 10 oocytes, leads to the incolporation of more than 1.5 x 106 cpm in globin after 2.5 h of incubation. Chromatography of the oocyte products on a carboxymethyl cellulose column, after gel filtration of the oocyte homogenate,
1424
gives a uniformn low background and allows an accurate estimation of the amount of human globin synthesized in the oocyte. Giglioni et al. (21) have reported that the efficiency of translation of rabbit globin mRNA can be greatly increased by addition of hemin into the injection mixture and Lane et al. (8) found a similar effect on the translation of mouse a-globin mRNA. In our experiments, translation of human globin mRNA is imbalanced, with synthesis of less a-than p-globin chain (a/, between 0.15 and 0.17). Inclusion of hemin into the injection mixture increases the ratio to 0.39-0.84, depending on the concentration of hemin used. Part of the hemin effect appears to be due to an increased recovery of a-chains during the preparation, since the a/ps ratio of the globin synthesized in the absence of hemin increases from 0.15 to 0.47 (Tables  I and II) when storage of the oocytes after incubation, centrifugation, and gel filtration is avoided. This is contrary to the findings of Gurdon et al. (6) who reported that, for mouse and rabbit globin mRNA, direct preparation of globin from the oocyte homogenate does not result in an increase of the low a/,B ratio. Improved recovery of a-chains cannot account, however, for the total hemin effect since the a/ps ratio is not increased to greater than 0.47 and does not approach the ratios obtained in the presence of hemin. In addition, a preferential loss of a-chains in the absence of hemin cannot explain the ninefold increase in total globin synthesized in the presence of hemin (Table I) . Hemin has no appreciable effect on the synthesis of endogenous oocyte proteins. Our results are at variance with the results obtained with rabbit globin mRNA, where the experimental evidence suggests that the balancing effect of hemin is achieved by stimulating a-mRNA translation, without affecting ,B-globin synthesis (21) . The mechanism of the hemin effect is not clear and may, indeed, be multifaceted. There is evidence that hemin plays a role in the regulation of globin chain synthesis in reticulocytes (22) . In reticulocyte cell-free systems, hemin controls the rate of globin synthesis, in part, by preventing the accumulation of an inhibitor of chain initiation (23) (24) (25) . In these reticulocyte-lysate systems hemin stimulates the synthesis not only of globin but of other proteins as well (26, 27 It is still possible that the change in a/, ratio is, at least partially, due to the effect of nucleases released as a result of damage in the oocytes. However, regardless of the mechanisms, the preferential susceptibility of a-mRNA relative to 3-mRNA in oocytes is still indicative of inherent differences of a-and ,8-mRNAs.
The experiments in Table IV also provide evidence that the exhaustion of a specific factor required for the translation of a-mRNA is not responsible for the decline in a/,& ratio with time. Oocytes reinjected with mRNA 21 and 51 h after a first injection showed a/p, ratios similar to those obtained during the first few hours after injection with the same mRNA fraction (Table IV) .
In all three experiments presented in Table III , the decline with time of the a/ps ratio is more pronounced in oocytes injected with the A fraction than in those injected with the C fraction. One explanation for this difference could be that the A fraction contains RNA species other than globin mRNA which interfere preferentially with the translation ofa-mRNA. However, when a mixture of A and C fractions were injected together, the results are consistent with an additive effect of mixing the A and C fractions and do not support any such preferential interference with the translation of the a-mRNA (Table IV) .
In our experiments the initial a/,p ratio was never one. This may be due to a greater affinity of,B-mRNA than a-mRNA for the initiation complex, as the hemin effect suggests and as Lodish (28) has shown for rabbit globin mRNA; as a result more a-mRNA would remain free rather than associated with ribosomes. The stability of mRNAs injected into oocytes seems to depend on their interaction with ribosomes (29) . Our finding of progressive decrease in the a/p ratio with time is different from that of Gurdon et al. (16) who found that for mouse mRNA the a/,8 ratio remained more or less constant for up to 320 h of incubation despite the imbalanced initial synthesis (a/,8 = 0.11) indicating equal stability of a-and ,8-mRNAs.
It is possible that some of the differences between our findings with human mRNA and those obtained with animal globin mRNA are due to the fact that our human mRNA is prepared from reticulocytes of patients whose erythropoiesis is at steady state, while animal globin mRNA is prepared from animals made acutely anemic so their reticulocytes are younger and more synchronously produced.
Our results indicate that the translational stability in the oocyte of the poly-(A)-rich human globin mRNA is greater than that of the poly-(A)-poor mRNA. The exact role of the poly-(A) sequences in the translation of eukaryotic mRNAs is not known. Its presence is not a requirement for translation since histone mRNA is known to lack poly-(A), and mRNA from which poly-(A) has been removed enzymatically can be translated in cell-free systems (30) (31) (32) (33) . Recently, the addition of poly-(A) to RNA was found to inhibit human spleen ribonuclease (34); whether poly-(A) serves a similar function in vivo remains unknown.
The data (Table III) indicate that in the absence of poly-(A) sequences, a-mRNA activity declines much more rapidly (to 27, 5, and 6% of initial value after 2 days) than the activity of f3-mRNA (which decreases to 81, 25, and 28% of control levels). Using poly-(A)-rich RNA, the a-mRNA activity declines to a much lesser extent (to 96, 65, and 56% of control after 2 days). The activity of poly-(A)-rich /8-mRNA, on the other hand, is either increased or slightly decreased. These results show that the functional stability of amRNA is less than that of 8-mRNA regardless of poly-(A) content. In addition, the translation of both a-and ,8-mRNA containing significant lengths of poly-(A) is more prolonged than that of poly-(A)-poor globin mRNA. We conclude that the stability of human globin mRNA, at least, in the frog oocyte, is correlated with its poly-(A) content. If such a correlation exists in the native erythroid cell and if the differential stability between a-and 8-mRNA observed in the oocyte is an inherent property of the mRNAs, then our findings would suggest that post-transcriptional regulatory mechanisms may have a role in the balanced synthesis of a-and f3-globin chains. Some of the thalassemia syndromes in which there is a decrease in the amount of mRNA for one of the globin chains (35, 36) may involve disturbances of such a mechanism.
